made in the 1870s by Josef Breuer, Ernst Mach and Alexander Crum Brown, who suggested that the liquid that was filling the semicircular canals was directly involved in self-motion perception. Yet Bárány was the first to comprehend that, by injecting cold and warm water into the auditory canal, the physiology, function and diseases of the vestibular organs could be systematically investigated.
Bárány discovered the principles of the caloric test when he was a young otologist in Vienna. He found that, while he was injecting warm and cold water in the auditory canal, subjects reported vertigo and dizziness. Importantly, he described in several articles how such irrigations evoked highly predictable reflexive eye movements, called nystagmus, and that the direction of this 'caloric nystagmus' depended on the water's temperature. Because water at body temperature induced neither vertigo nor eye movements, and because head position changed the direction of the caloric nystagmus, Bárány concluded that the temperature of the water was responsible for stimulation of the semicircular canals in the inner ear and proposed "that the nystagmus was the result of a reflex action of the semicircular canals" [1] . Bárány was the first to understand that warm and cold irrigations of the auditory canal created convection movements of the endolymphatic fluid in the semicircular canals and thereby activated the inner ear's motion sensors. It has since been confirmed by electrophysiological investigations that warm irrigation creates convection movements that lead mechanoreceptors to increase their
Christophe Lopez 1 and Olaf Blanke 2,3,4
In 1914, the Austro-Hungarian otologist Robert Bárány (1876-1936) was awarded the Nobel Prize in Medicine "for his work on the physiology and pathology of the vestibular apparatus" (Figure 1 ). He championed the development and application of new tools for studying the balance system of the inner ear and the oculomotor system [1] . When he won the Nobel prize, Bárány was in a prisoner-of-war camp in Russia; he was only released to receive the award in 1916, after the personal intervention of Prince Carl of Sweden. Prior to the work of Bárány, the anatomy of the inner ear had been well described by Antonio Scarpa and Gustav Retziusthe vestibular organs comprise three semicircular canals and two otolithic organs, the utricule and the saccule ( Figure 2A ) [2] -but it was not known how head rotations were encoded by the sensory organs of the inner ear, and it was here that Bárány made his key contributions.
Bárány was a trained otologist, familiar with the pioneering work on the vestibular system in the 19 th century by Pierre Flourens (1794-1867), Jan Purkinje (1787-1869), Prosper Menière (1799-1862) and Friedrich Goltz (1834-1902). These vestibular pioneers established relations between the semicircular canals and body posture, dizziness and vertigo by observing the consequences of experimental destructions, pathologies, or stimulation of the semicircular canals, but failed to understand their physiology. Further progress was Essay discharge rate in vestibular afferents, whereas cold irrigation induces the opposite effect ( Figure 2B ).
Bárány's method revolutionized understanding of the vestibular system, and spurred new experimental vestibular research, such as investigations into the structure of the semicircular canals, that was important for understanding posture and locomotion in animals and humans. As an example, semicircular canals are present in all vertebrates but vary in their form and structure depending on the species' locomotor behaviour. Analysis of the fine structure of the inner ear of several mammalian species revealed that the size of the semicircular canals is correlated with the agility and range of the animal's movements [3] . To give another example, stimulation of the semicircular canals in animals (not necessarily based on caloric vestibular stimulation) has also led to the description of neural coding of head motion in central vestibular structures located in the brainstem, cerebellum, thalamus, and the cortex [4] .
More recently, Bárány's caloric test has again become a widely employed research tool for studying
The hundredth anniversary of Robert Bárány's Nobel Prize in Medicine offers the opportunity to highlight the importance of his discoveries on the physiology and pathophysiology of the vestibular organs. Bárány developed the method of caloric vestibular stimulation that revolutionized the investigation of the semicircular canals and that is still widely used today. Caloric vestibular stimulation launched experimental vestibular research that was relevant to comprehend the evolution of human locomotion, and Bárány's tests continue to be used in neuroscience to understand the influence of vestibular signals on bodily perceptions, cognition and emotions. Only during the last 20 years has caloric vestibular stimulation been merged with brain imaging to localize the human vestibular cortex. the vestibular system, and in particular the vestibular cortex in humans. Neuroimaging techniques such as functional MRI require that subjects keep their head immobile in the scanner, preventing the use of natural vestibular stimulation such as head rotations and translations on motion platforms. Bárány's caloric stimulation circumvents this problem, is compatible with brain imaging, and has been used over the last 20 years in many modern neuroimaging studies to describe cortical vestibular processing [5, 6] in a large network of at least ten cortical areas, including the insula, temporo-parietal junction, intraparietal sulcus, somatosensory cortex, hippocampus and frontal cortex [7] . The location of these vestibular cortical areas seems consistent across primates species, with a core region in the posterior insula, retroinsular cortex and parietal operculum [8] ( Figure 2C ). Robert Bárány's discovery was also of major clinical importance as Bárány himself convincingly demonstrated. Bárány's caloric test is still part of routine assessments of the vestibular system by neuro-otologists, as the absence of caloric nystagmus is indicative of a defective vestibular apparatus. Of note, the caloric test has the advantage to assess the function of the right and left semicircular canals independently. Only recently has a method been developed to evaluate otolith function. Vestibular-evoked myogenic potentials record muscular activity evoked by the stimulation of otolithic receptors by sounds or vibrations [9] and allow quantification of the fundamental vestibular function related to encoding linear accelerations and Earth's gravitational acceleration.
Nobel Prize centenary: Robert Bárány and the vestibular system
Bárány's caloric test has also been employed by cognitive neuroscientists to evaluate the impact of vestibular stimulation on a range of perceptual, cognitive and affective processes [10] . Neurologists made extensive use of caloric vestibular stimulation to modify bodily perception and bodily experience in brain-damaged patients. Interestingly, caloric stimulation temporarily alleviates disorders of tactile perception (hemianesthesia), awareness of bodily deficits (anosognosia for hemiplegia, somatoparaphrenia), and chronic pain [5] . The effects and mechanisms of vestibular stimulation on these processes are the subject of intense current research [11] . The current view is that vestibular signals modulate the integration of multisensory signals within a large network of cortical and subcortical regions for perception, bodily awareness, and human selfconsciousness [12] . Caloric vestibular stimulation also modulates cognitive functions such as memory and decision-making as well as emotions, mood and affective control [13, 14] .
Primates and other fast and agile mammals have developed larger semicircular canals (relative to their body mass) and it is known that larger canals increase vestibular sensitivity. Accordingly, it has been proposed that the apparition of human bipedalism and modern humans may be fundamentally associated to the evolution of the structure and function of the inner ear. Human fossils of bipedal Homo erectus have larger vertical semicircular canals (monitoring head movements for biped locomotion) than horizontal semicircular canals -a pattern not found in other primate species and non-biped hominids [15] . Robert Bárány's discoveries thus continue to influence vestibular research across many fields of biology, ranging from vestibular physiology to systems and cognitive neuroscience, to consciousness studies and to human evolution, much in the spirit of his native Vienna in the early 20 th century.
